A B S T R A C T The addition of specific antigen to IgEsensitized human lung tissue causes the secretion of the mediators histamine and slow-reacting substance of anaphylaxis. The mechanisms by which increased levels of cyclic AMP suppress and increased levels of cyclic GMP enhance this secretory process were studied. Colchicine, an agent which disrupts many secretory reactions by binding to microtubules in their disassembled 6S form, was a relatively ineffective inhibitor of the antigen-induced release of mediators unless lung fragments were incubated at 4°C for 60 min to induce microtubular disassembly. As colchicine appeared to inhibit the immunologic secretion of mediators from human lung tissue most effectively after microtubular disassembly, the capacity of colchicine to modulate the release reaction indicated the state of microtubular assembly; inhibition by colchicine signaled a shift to the colchicine-sensitive 6S subunits whereas failure to inhibit suggested maintenance in the colchicine-resistant polymerized state.
INTRODUCTION
The union of specific antigen with tissue-bound IgE antibody in human lung tissue initiates a partially elucidated sequence of events: the extracellular calcium requiring conversion of a serine esterase from its precursor to activated form, an energy requirement, a second calcium requirement, and a cyclic adenosine 3',5'-monophosphate (cyclic AMP)-inhibitable step followed by the release of histamine and slow-reacting substance of anaphylaxis (SRS-A)1 (1) . These biochemical events translate the immunologic signal at the surface of the lung mast cell to the intracellular process of moving the mediator containing secretory granules toward the cell surface where sequential exocytosis (2) occurs. Functioning microtubules have been shown to be necessary for many secretory processes (3) (4) (5) including the nonimmunologic release of histamine from human peripheral leukocytes (7, 8) and human lung tissue (9) . It seemed possible, therefore, that a portion of the partially delineated biochemical sequence of events involved in the immunologic release process might relate to the assembly and function of microtubules.
In contrast to most other secretory systems (10), increased intracellular concentrations of cyclic AMP inhibit the immunologic secretion of mediators from human lung tissue (11) , polypoid nasal mucosa (12) , and blood basophils (13) . Indeed, cyclic AMP exerts a general inhibitory influence upon diverse immuno-logic effector systems (14, 15) . Increases in cyclic guanosine 3',5'-monophosphate (cyclic GMP) enhance the antigen-initiated secretion of mediators from lung tissue (16, 17) and nasal mucosa (12) , and may partially prevent the inhibitory effects of cyclic AMP (18) . The site of action of these cyclic nucleotides in modulating the secretion ofmediators remains unclear although in other systems there are well-described morphologic (19) (20) (21) (22) and biochemical (23) (24) (25) (26) interactions between cyclic AMP and microtubules. These data suggest the possibility that the concentration of cyclic nucleotides in human lung mast cells might influence the immunologic release reaction through effects on microtubules.
The data reported herein confirms the requirement for functional microtubules in mediator release (6) (7) (8) (9) as indicated by the inhibitory action of colchicine under defined conditions. Furthermore, data are presented which suggests that cyclic AMP and GMP exert their modulating effects on the secretion of mediators from human lung by influencing the state of microtubular assembly. METHODS D,L-Isoproterenol hydrochloride, colchicine, vinblastine sulfate and podophylline (Sigma Chemical Co., St. Louis, Mo.); disodium and tetrasodium EDTA (Fisher Scientific Co., Pittsburgh, Pa.); 8-Bromo-cyclic AMP and 8-Bromo-cyclic GMP (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) were obtained from the manufacturers. Lumicolchicine was prepared by a modification ofthe method ofWilson and Friedkin (27) . An aqueous preparation of 10 mM colchicine was exposed to sunlight for 3 days and conversion of colchicine to lumicolchicine determined by disappearance of absorbance at 350 nm, and appearance of absorbant peaks at 305 and 255 nm.
Preparation of human lung tissue for the antigen-induced release ofmediators. Human lung tissue obtained at the time of resection, generally for cancer or bronchiectasis, was prepared for the antigen-induced release of histamine and SRS-A as previously described (17) . Only macroscopically normal areas of lung tissue were studied. The peripheral, tumor-free areas were dissected free of pleura, large bronchi (>3-5 mm) and blood vessels, fragmented into 200-mg replicates, washed extensively with Tyrode's buffer, and incubated in undiluted serum from a patient allergic to ragweed (FP.) for either 2 h at 37°C or 18 h at room temperature. The sensitized fragments were washed and placed in 3 ml of Tyrode's buffer at 370C. Agents under study were dissolved in Tyrode's buffer immediately before use and then they were added in 10-,ul aliquots to the lung fragments. After the appropriate incubation period (in Results), 0.5 ,ug/ml ragweed antigen E (Research Resources Branch, National Institute of Allergy and Infectious Diseases, Bethesda, Md.) was added and the incubation continued for 30 min to permit mediator release. The histamine and SRS-A secreted were quantitated by bioassay on the isolated, atropinized guinea pig ileum as described (28) . Residual tissue histamine was extracted from the lung fragments by boiling for 8 min. Colchicine, vinblastine, and podophylline were found to inhibit the guinea pig ileum's contractions and were therefore removed from the lung fragments after an initial incubation (priming)
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M. Kaliner period by wa'shing tWice in Tyrode's buffer. None ofthe other agents interfered with the bioassay and no agent induced the nonspecific release of mediators in the absence of antigen challenge.
The concentration ofhistamine and SRS-A released from the IgE-sensitized tissues by antigen challenge in the absence of any drugs was considered as control release and taken as representing 100%. The percent inhibition or enhancement of the release of mediators secondary to the effects of any agent was calculated on that basis. Histamine and SRS-A were determined in duplicate samples and the values expressed represent the mean. The variation between duplicate samples averaged <5%. Each experiment was repeated two or more times and the data presented herein is representative.
Preparation of human lung tissue for the determination of cyclic AMP content. Replicate fragments of human lung tissue were incubated in undiluted, nonallergic serum for 2 h at 37°C in parallel with those samples to be employed for mediator release (17) . The fragments were washed free of serum, placed in 3 ml Tyrode's buffer at 370C, and processed in parallel with the sensitized replicates. After the experimental manipulations and at the time the IgE-sensitized fragments were receiving antigen E, these samples were transferred to 1 ml ice-cold 10% perchloric acid. The cyclic AMP was extracted by homogenization for 30 s at 4,000 rpm (Polytron homogenizer, Brinkmann Instruments, Inc., Westbury, N.Y.) followed by centrifugation for 15 min at 200g. The precipitate was retained and digested with 2 ml 0.1 N NaOH for 48-72 h for protein determination (29) and the supemate was neutralized with 0.35 ml 5 N KOH. After centrifugation (15 min, 200 g ), the supemate was applied to 1.5 x 0.7-cm columns of AG 1 x 8, 200-400 mesh, formate form (Bio-Rad Laboratories, Richmond, Calif.) equilibrated in 0.1 N formic acid. The columns were washed with 10 ml 0.1 N formic acid and the cyclic AMP eluted with 10 ml 1 N formic acid. The eluates were evaporated to dryness under negative pressure (Rotary Evapomix, Buchler Instruments Div., Searle Analytic Inc., Fort Lee, N. J.). The dried eluates were resuspended in 1.0 ml sodium acetate buffer (50 mM, pH 4.0) and the cyclic AMP content determined by the protein binding assay (30) as described (16) . Recovery of cyclic AMP was monitored by cyclic [14C]AMP added to the perchloric acid and was 75-90%. Representative samples were treated with cyclic nucleotide phosphodiesterase and 95% or more of the assayable cyclic AMP was removed. The 2.8 pmol cyclic AMP/mg protein determined in the experiment presented is at the same level of cyclic AMP as previously determined in 18 human lungs (17) .
RESULTS
Development ofan experimental model to detect the state of assembly of microtubules. Although colchicine has been reported to impede secretory reactions in several tissues (3) (4) (5) (6) (7) (8) (9) , it was initially difficult to reproduce these findings. Incubation of sensitized lung fragments under varied conditions in eight initial experiments with colchicine (0.0001-1 mM), and one experiment with vinblastine (0.01 mM) and podophylline (1 ,ug/ml) resulted in minimal suppression of the immunologic release ofhistamine and no inhibition of SRS-A release (Table I ). In total, 17 lung specimens had been treated with colchicine (0.1-1 mM) for 60-120 min before antigen challenge and the mean inhibition of histamine release has been 21±+-4% (P = <0.01) and SRS-A release has been 8.6+6%.
Microtubules are thought to exist in a dynamic equilibrium with their disassembled form, called tubulin (31) . As disassembly of polymerized microtubules is known to be favored by cold temperatures (32) and was observed to augment the inhibition of histamine from human leukocytes by colchicine (7, 8) , the effects of cold temperature on colchicine inhibition of mediator release from human lung tissue was examined ( Fig. 1) . Lung fragments were colchicineprimed by incubation in 0.01-500 ,mM colchidine for 120 min and then washed twice. Half the colchicineprimed fragments were kept at 37°C while the other half were incubated in an ice bath at 4°C for 60 min followed by an additional 30-min incubation at 37°C. Antigen challenge of the fragments which had been maintained at 37°C induced the same amount of histamine and SRS-A release as was released by control samples kept either at 4°or 37°C (Fig. 1 ). In contrast, those fragments which were incubated at 40C had marked suppression of mediator release confirming that colchicine can indeed inhibit the immunologic release of mediators but is most effective after a putative disassembly of microtubules as occurs with cold temperatures. Vinblastine (50 uM) similarly suppressed the immunologic release Qfhistamine and SRS-A but only after a 60-min incubation at 4°C. By contrast, lumicolchicine (1.0-0.1 mM) remained ineffective even after cold treatment.
Subsequent analysis revealed that a minimum of 60 min incubation at 4°C was optimal in order to in- 
The effect of cold temperature on the capacity of colchicine to suppress the immunologic release of histamine and SRS-A from human lung tissue. Lung fragments were incubated with 0.01-0.5 ,uM colchicine for 2 h at 37°C and washed twice. One-halfthe fragments were kept at 37°C while the other half were incubated for 60 min at 40C followed by 30 min at 37°C before all the fragments were simultaneously challenged with antigen. Histamine release (0), SRS-A release (A) from fragments not exposed to 4°C incubation; histamine release (0), SRS-A release (A) from fragments exposed to 4°C. Histamine release from control tissue kept either at 37°C or exposed to 4°C for 60 min but never exposed to colchicine was 23% and SRS-A release 1,500 U/g. duce microtubular disassembly and to facilitate the capacity of colchicine to suppress mediator release (Table II) . Furthermore, even after a 60 min incubation at 4°C, the ability of colchicine to bind to the disassembled microtubules and to suppress the im- (Table III) . On the basis of these observations, the following experimental design was employed and consistently resulted in colchicine-induced suppression of mediator release. After sensitization, the fragments were incubated with 0.1 mM colchicine for 60 to 120 min at 37°C (colchicine priming), the tissue was washed twice and incubated for 60 min at 4°C (microtubule disassembly). The chilled, colchicine-primed fragments were incubated for 30 min at 37°C (colchicine-microtubule binding), antigen E was added, and then the incubation was continued for 30 min. Under these conditions, colchicine-induced inhibition was interpreted as indicating a state of microtubular disassembly whereas the failure to inhibit signified that the microtubules remained in their polymerized state.
The effects of cyclic GMP on the state of microtubule assembly. Increased intracellular cyclic GMP in human lung tissue which occurs after adding exogenous cyclic GMP (16) and after addition of cholinergic agonists or prostaglandin F, (16, 17) is associated with marked augmentation of the antigen-induced secretory reaction. The possibility that the effect of increased levels of cyclic GMP might be generated by an interaction with microtubules was explored. Incubation of lung fragments with 0.01-10 ,uM 8-Bromocyclic GMP for 15 min before antigen challenge produced an enhancement of mediator release. The peak response was appreciated at 1.0 uM with an increase in histamine release from 36 to 47% (a 30% enhancement) and doubling of SRS-A release from 1,500 to 3,000 U/g. (Fig. 2) . The inhibitory effects of 8-Bromo-cyclic AMP on the secretion of mediators persisted for 5-15 Histamine release from control tissue never exposed to either agent was 34.5% and SRS-A release was 4,500 U/g; histamine release from colchicine-primed fragments never exposed to 8-Bromo-cyclic AMP was 30.5% and SRS-A release was 4,500 U/g. min after its removal with the release of both histamine and SRS-A returning to control levels by 30 min. In contrast, antigen-induced mediator release from fragments which had been colchicine primed (0.1 mM, 75 min, 370C) before incubation with 8-Bromo-cyclic AMP remained suppressed 60 min after removal of 8-Bromo-cyclic AMP. These data suggest the possibility that increased levels of cyclic AMP may have facilitated the inhibitory action of colchicine by inducing microtubular disaggregation. The ability of endogenously produced cyclic AMP which occurs after beta adrenergic stimulation of human lung tissue (33) to reproduce the same effects as exogenously added cyclic AMP was studied. Isoproterenol produces a rapid rise in cyclic AMP in human lung which dissipates promptly after its removal, leaving lung tissue which is capable of the uninhibited release of mediators (11) . Lung fragments were incubated with 1 ,uM isoproterenol for 3 min, washed twice, and then challenged with antigen 10 s -60 min later (Fig. 3) . The immunologic release of histamine and SRS-A was totally suppressed for the initial 15 min after removal of isoproterenol, SRS-A release returned to control levels by 25 3 The effect of isoproterenol on the capacity of colchicine to suppress the immunologic release of histamine and SRS-A from human lung tissue. Untreated lung fragments and colchicine-primed lung fragments (0.1 mM, 60 min, 37°C) were incubated with 1 ,uM isoproterenol for 3 min, washed twice, and the antigen challenged 10 s to 60 min later. Histamine (0), SRS-A release (A) from fragments exposed only to isoproterenol; histamine release (0), SRS-A release (A) from colchicine-primed fragments exposed to isoproterenol. Histamine release from control tissue never exposed to either agent was 7.7% and SRS-A release 250 U/g; histamine release from colchicine-primed fragments never exposed to isoproterenol ws 5% and SRS-A release 250 U/g. 1 uM isoproterenol for 3 min, washed twice, and then either challenged with antigen or transferred to 10% perchloric acid from 10 s to 90 min later (Fig. 4) . Isoproterenol treatment caused a prompt increase in cyclic AMP levels from 2.8+0.5 to 23.2+3 pmol/mg protein which returned to base-line levels 30 min after washing. The inhibition of the immunologic release of histamine by isoproterenol was reversed 30 min afte its removal whereas SRS-A release required 90 min before returning to control release levels. Colchicineprimed replicates (0.1 mM, 60 min, 37°C) had identical cyclic AMP responses (base-line level of 2.5±0.15 pmol/mg protein, maximal increase to 18.3±0.2 pmol/ mg protein and return to base-line values by 30 min after isoproterenol removal) but the immunologic release of both histamine and SRS-A remained suppressed 90 min after isoproterenol removal. These data supports the possibility that increased concentrations of cyclic AMP are associated with microtubular disassembly thereby facilitating colchicine suppression of the antigen-induced release of mediators.
Relationship between EDTA treatment oflung tissue and the state of microtubular assembly. The intracellular events involved in the antigen-initiated release of mediators includes a late Ca++-requiring, EDTA-inhibitable step followed by the cyclic nucleotide modulatable stage (1) . It was therefore of interest to determine the relationship of intracellular Ca++ and microtubular assembly. Both colchicineprimed lung fragments (0.1 mM, 80 min, 37°C) and replicates never exposed to colchicine were incubated in 5 mM EDTA (disodium and tetrasodium EDTA, 1:1 by volume, pH 7.5) in calcium and magnesiumfree Tyrode's buffer for 5 The effect of isoproterenol on the capacity of colchicine to suppress the immunologic release of histamine and SRS-A from human lung tissue with concomitant measurement of cyclic AMP levels. The same protocol as was employed for Fig. 3 except that replicate lung fragments were transferred to 10% perchloric acid at the time of antigen challenge and assayed for cyclic AMP content. Histamine release (0), SRS-A release (A), cyclic AMP levels (0) in fragments exposed to isoproterenol only; histamine release (0), SRS-A release (A), cyclic AMP levels (U) in colchicine-primed fragments (0.1 mM, 60 min, 37°C) exposed to isoproterenol. Histamine release from control tissue never exposed to either agent was 6%, SRS-A release was 1,875 U/g, and cyclic AMP was 2.8±0.5 pmol/mg protein; histamine release from colchicineprimed lung fragments never exposed to isoproterenol was 5.5%, SRS-A was 1,875 U/g, and cyclic AMP was 2.5±0.15 pmol/mg protein.
incubated in Tyrode's buffer containing calcium and magnesium for 30 min and challenged with antigen (Table V) (32) , that the role of microtubules in mediator release from human lung becomes clear. Colchicine, as well as other microtubule-active agents, may have multiple inhibitory effects on cell functions other than through microtubule disassembly (34) . Several lines of evidence suggest that the inhibitory actions of colchicine on the immunologic release of mediators from human lung tissue after cold treatment are through effects on microtubules: the inhibition is also produced dby vinblastine, the col chicine isomer lumicolchicine is ineffective and direct morphologic evaluation of purified rat mast cells after colchicine treatment reveals an absence of recognizable microtubules (35) . Furthermore, the binding constant for colchicine to chick embryo brain tubulin is 2 x 106 liters/mol at 370C indicating that 50% of the binding sites would be saturated at 0.5 ,uM (36) . The inhibitory dose response of colchicine on mediator release from human lung tissue after cold temperature treatment approaches this theoretical level but remains much less sensitive to colchicine as compared with processes (such as mitosis in HeLa cells) which are disrupted by 1 pM colchicine (37) .
Once the necessity for intact, polymerized microtubules in the immunologic release of mediators was recognized, it was possible to interpret the capacity of colchicine to influence the immunologic secretory process as reflective of the state of assembly of microtubules: colchicine-primed tissue which after antigen challenge released amounts of mediators equal to control replicates indicated that the microtubules were in the polyermized state whereas inhibition of mediator release was indicative of disassembly of microtubules and binding by colchicine.
Increased levels of cyclic GMP which have been observed in human lung tissue after cholinergic stimulation and PGF2 incubation (16, 17) were found to prevent cold-induced microtubular disassembly. By inference, increased levels of cyclic GMP favor the polymerized state of microtubular assembly and thereby may facilitate the immunologically induced movement of secretory granules along an increased microtubular framework. An association between cyclic GMP and increased numbers ofmicrotubules has been noted in human polymorphonuclear leukocytes (38) and may account for the augmentation of lysosomal enzyme release noted under certain experimental conditions (39) with this cell type as well as correction of the in vitro defects seen in leukocytes from Chediak-Higashi patients (38, 40) .
Conversely, colchicine suppression of mediator release was facilitated by transiently increased levels of cyclic AMP either exogenously added or endogenously produced, suggesting that one of the actions of cyclic AMP results in microtubular disassembly much the same as cold temperature. These effects were seen after treatment of sensitized lung fragments with 8 The association between the capacity of cyclic nucleotides to influence both the immunologic release of mediators and the inhibitory ability of colchicine suggests the possibility that these events may be related. It has similarly been suggested that cyclic nucleotides have dual effects on microtubules and secretory reactions involving the human nuetrophil (39, 42) and basophil (9) . To be certain that these events are indeed causally related to one another, electron microscope analysis of microtubular integrity is necessary. Although this has thus far proven impossible in intact lung fragments, such evidence has been sought employing the neutrophil. Increased levels of cyclic GMP have been associated with increased numbers ofmicrotubules (38, 40) while increased cyclic AMP levels correlate with diminished numbers of recognizable microtubules (39). Therefore, it seems possible that the modulating influences of increased levels of cyclic nucleotides upon the immunologic release ofmediators from lung mast cells may also be induced through effects on microtubular assembly. Although it is reasonable to suggest this association, the functional criteria employed in the present study do not distinguish between independent and related events and the association between these phenomena may represent the summation of separate events.
The mechanisms by which cyclic nucleotides might influence microtubules are uncertain, although cyclic AMP is known to initiate phosphorylation of microtubules (23) (24) (25) (26) or a closely associated protein (43) . If cyclic AMP induces microtubular phosphorylation, it is possible that cyclic GMP acts through dephosphorylation. Indeed, such a cyclic GMP-related phosphoprotein phosphatase has recently been described (44) .
The sequence of biochemical events involved in the immunologic secretion of histamine and SRS-A from human lung tissue has been partially elucidated (1) . The inhibitory capacity of increased levels of cyclic AMP follows a calcium-requiring step which is suppressed by EDTA. EDTA at concentrations capable of preventing the immunologic release of mediators (1, 45) did not promote the inhibitory actions of colchicine and in fact may have diminished them. Thus, EDTA does not induce microtubular disassembly and may even favor polymerization as -has been noted in other systems (46) . The recognized intracellular events in the secretory pathway which are influenced by cyclic AMP and EDTA are therefore distinctly separated from each other. Thus, the postulated sequence of events involved in the release of mediators from human lung may proceed as follows (Fig. 5) 
